i?^H'e^ P--'rT7- 07 FEB-2M5 

WO 2004/015788 PCT/AU2003/000997 

11.0/523960 

l^gUPERCQNDUCT T^^ INTERFERENCE DEVICE" 

The present Invention relates to superconducting devices having 
elements positioned in three dimensions, and in particular to high temperature 

5 superconducting devices ha\^ng elements positioned In three dimensions. The 
Invention particularly relates to high temperature superconducting axial 
gradiometers. which employ a gradiometric pick-up loop fomied by etching a 
transformer loop structure on a flexible superconducting tape. The pick-up loop 
is preferably inductively coupled to a superconducting quantum interference 

10 device (SQUID) magnetometer. In applications where the sensitivity to the 
magnetic field in the direction transverse to the gradiometer axis is problematic, 
the homogeneous background magnetic field can be reduced by matching the . 
mutual inductance between the secondary loop of the flux transformer and. the 
magnetometer to establish a condition of shielding. 

15 

Backarouhd Art 

Superconducting Quantum Interference Devices (SQUIDs) are often 
used as highly sensitive magnetic field sensors. Such SQUID sensors are 
becoming increasingly popular due to the capabilities of high sensitivity sensing 
20 in areas such as geophysical mineral prospecting and biological magnetic field 
detectioHt such as magnetic field emanations from the human brain or other 
human organs. 

With the advent of high critical temperature superconducting (HTS) 
materials such as YBa2Cu30x (YBCO), HTS-SQUIDs can operate at or above 
25 77K (-1 96*^C) and hence can be cooled by relatively Inexpensive liquid nitrogen, 
rather than requiring liquid helium as a coolant for operation at 4K (-269^0). 
Liquid nitrogen is also more convenient to use than liquid helium, allowing the 
system as a whole to be made In a compact form. 

The use of high-temperature superconducting (HTS) materials for the 
30 fabrication of SQUID based magnetometers and gradiometers is now fairly well 

established (For example, W. Eidelloth, B. Oh, R. P. RobertazzK W. J. 

Gallagher, R. H. Koch, AppL Phys. Lett., 59, 3473 (1991); S. Knappe, D. 

Drung, T. Schurig, H. Koch, M. Kllnger, J. HInker, Cryogenics 32, 881, (1992); 

M, N» Keene, S, W. Goodyear, N. G. Chew, R, G. Humphreys. J. S. Satchel!, J. 
35 A. Edwards, K Lander, Appl. Phys. Lett 64, 366 (1994); G. M, Daalmans. 
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AppL Supercond. 3. 399, (1996); M. I. Faley, U, Poppe, K. Urban, H.-J. Krause, 
H. Soltner, R. Hohmann, D. LomparsW, R. Kutener, R. Wordenweber, H. 
Bousack, A. I Braginskl, V, Y. Slobodchikov, A. V, Gapelyuk, V. V. Khanln, 
Y,V. Maslennikov, IEEE Trans. AppL Supercond., 7, 3702 (1997)), Despite the 
5 significant advantages which accme from being able to operate at liquid 

nitrogen temperatures, HTS materials remain more difficult to use than the 
alternative low-temperature superconducting materials, and many design 
practices in low temperature helium cooled superconductors (LTS) cannot be 
implemented In HTS materials. In parllcular, the lack of HTS superconducting 
10 wires and the difficulty of forming superconducting connections • in HTS 
materials means that the standard LTS design practice of forming gradiometer 
coils from superconducting wires, is not applicable In HTS materials. 

Designs for HTS gradlometers sensitive to the on-diagonal components, 
^Bi/^Xif^^^^^^ gradlometers), have been described (for example: R. H. Koch, 

15 J. R. Rozen, J. Z, Sun, W. J. Gallagher, Appl. Phys. Lett., 63, 403,(1993); H. J. 
M. ter Brake, N. Janssen, J. Flokstra, D. Veldehuis, H» Rogalla, IEEE Trans. 
Appl. Supercond., 7, 2545, (1997); J. Borgmann, P. David, G. Ockenfuss, R. 
Otto, J. Schubert, W. Zander, A J. BFaglnskl, Rev. ScL Instrum. 68, 2730,(1997) 
but these have been implemented only by means of electronic or software 

20 subtraction of the outputs of a pair of SQUID magnetometers which are 
generally positioned at fixed distances from each other on a common normal 
axis. These designs suffer from the disadvantage that both magnetometers 
must operate linearly in the full ambient field (often the earth's magnetic field). It 
is difficult to achieve good commpn-mode rejection (rejection of homogeneous 

25 fields) which is generally limited to an order of about "'in most- 
implementations. Furthermore, the achievable noise performance can be 
dependent upon the magnitude of the background homogeneous field; being 
determined by microphonics which arise from vibrations causing randofniy 
varying misalignment of the axes of symmetry of the two SQUIDs. 

30 Some of these problems are ameliorated by the use of Intrinsic gradiometer 
structures. Although several designs for Intrinsic magnetic gradlometers 
utilising HTS films have been described in the literature these designs are 



sensitive only to the off-diagonal components of the first-order gradient tensor, 
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dBildXj^ i /(transverse gradiometers). These designs generally fall Into • 
one of two types. The first employs a 'figure eight" topology In which the 
gradlometic pick-up loop structure consists of a pair of superconducting loops, 
with a common conductor that is intermpted by a direct cun^nt (DC) SdUID. 

5 The SQUID operates as a two-port device (SQUID amplifier) because the flux 
in the SQUID is derived from the current directly Injected into a pair of Input 
terminals. Depending upon the matching of the inductances and equivalent 
magnetic areas of the gradlometer Input loops the cun^nt in the SQUID Is 
proportional to the difference in the shielding currents Induced in the plok-up 

10 loops in response to an extemal maghetic flefd gradients The two pick-up loops- 
are electrically In parallel, so one disadvantage of this topology is that even In a 
homogeneous field a large overall shielding current is Induced in the outer 
perimeter of the pick-up loop structure with the potential to degrade noise 
performance through the associated production of large numbers of Abrikosov 

15 vortices In the superconducting film. 

Another approach to the development of HTS transverse gradiometers 
employs a planar pick-up loop structure that is flip-chipped with a SQUID 
magnetometer to which it is inductively coupled. In the first-order designs the 
flux transformer consists of a pair of pick-up loops, one of which is coupled to 

20 the SQUID magnetometer. By matching the mutual inductance between the 
SQUID and the loop, the total effective magnetic area of the SQUID/loop 
combination can be made exactly opposite to that of the other loop of the flux 
transformer Under these conditions the senslti>^ty to a homogeneous magnetic 
field vanishes but remains non-zero v^h respect to a magnetic field gradient. A 

25 second-order transverse gradlometer has also been Implemented using this 
approach. 

Any discussion of documents, acts, materials, devices, articles or the like 
which has been Included In the present specification is solely for the purpose of 
providing a context for the present Invention. It Is not to be taken as an 
30 admission that any or all of these matters form part' of the prior art base or were 
common general knowledge In the .field relevant to the present Invention as It 
existed before the priority date of each dalm of this application. 

Throughout this specification the wore! "comprise", or variations such as* 
"comprises" or "comprising'', will be understood to 'imply the Inclusion of a 
35 stated element, integer or step, or group of elements. Integers or steps, but not 
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the exclusion of any other element, Integer or step, or group of elements, 
integers or steps. 

Throughout this specification, the terms 'superconducting material', 
•superconducting device' and the like are used to refer to a material or device 
5 which, In a certain state and at a certain temperature, Is capable/of exhibiting . 
superconductivrty. The use of such terms does not imply that the material or 
device exhibits superconductivrty in all states or at ail temperatures. 

Summary of the Inventidn 

10 According to a first aspect, the present Invention provides a 

superconducting magnetic field detection element comprising at least one 
superconducting plcl<-up loop formed on a common flexible substrate, wherein, 
the common flexible substrate is In a non-planar position, such that the at least 
one superconducting pick-up loop is operable to detect magnetic fields of 
15 differing orientation. 

According to a second aspect, the present invention provides a method 
of forming an element of a superconducting device for detecting magnetic 
. fields, the method comprising: 

forming at least one superconducting pick-up loop on a common flexible • 
20 substrate; and 

positioning the common flexible substrate in a non-planar configuration 
such that the at least one superconducting pick-up loop Is operable to detect 
magnetic fields of differing orientation. 

In some embodiments of the Invention, the common flexible substrate 
• 25 may partially extend within a first plane and partially extend within a second 
plane substantially perpendicular to the first plane such that the at least one 
superconducting pick up loop Is posittoned In both the first plane and the 
second plane. Such embodiments of the invention may prove advantageous 
when a magnetic dipote of unknown random orientation is placed at a position 
30 where a normal to the first plane meetsf a normal to the second plane. The 
positioning of the at least one pick-up loop In two perpendicular planes 
increases the likelihood that a magnetic field of the magnetic dipole will pass 
through at least some portion of the pick-up loop, and will thus Induce a current 
in the pick-up loop, enabling detection of the magnetic dipole. 
35 Altematively, the cornmon flexible substrate may be positioned such that 

the at least one superconducting pick-up loop describes an arc. for example an 
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arc which subtends an angle of 90^ about a nominal focus* In such 
embodiments, positioning, a randomly orientefl magnetic dipole at or near the 
nominal focus of the arc of the pick-up loop will provide a higher likelihood of 
detecting the magnetic dipole than would exist in cases where the pick up loop 

5 is positioned within a single plane. Such embodiments of the present invention 
may have particular application in the screening of substances or articles for 
detection of randomly oriented embedded magnetic objects. 

In further embodiments of the present invention, a plurality of 
superconducting pick up loops may be formed on the common flexible 

10 substraite. in such embodiments the common flexible substrate may be 
an^nged so as to position each of the plurality of pick up loops in a unique 
plane which is not coplanar with any plane in which another pick up loop is 
positioned. For example, two superconducting pick up loops may be provided, 
and may be positioned In respective first and second planes, the first and 

15 second planes being substantially perpendicular to each other Alternatively, 
two superconducting pick up loops may be provided and may be positioned In 
respective first and second planes, the respective first and second planes being 
parallel to each other and spaced apart. 

Further, in embodiments of the invention in which a device is provided 

20 having two superconducting pick-up loops formed on the common flexible 
substrate, the Inherent characteristics of the two superconducting pick-up 
loops, such as critical cun-ent and effective area, are likely to be significantly 
closer to being matched than would be the case for the characteristics of pick- 
up loops or devices formed on separate substrates. Thus, the em^r margin of 

25 such devices can be expected to be significantly smaller, and indeed, magnetic 
fields of up to 10® lower than the earth's magnetic field may be detected by 
some embodiments of the present invention. Additionally, embodiments of the 
present Invention which provide two superconducting pick-up loops on the 
common flexible substrate enable construction of magnetic field detection 

30 devices such as axial gradiometers which comprise only a single SQUID. Such 
circuits offer significant advantages over circuits requiring the extra complexity 
of providing a plurality of SQUIDs, in terms of both physical device manufacture 
and the device electrical characteristics. 

Superconducting tape has been developed primarily for power 

35 transmission applications. In eariy developments such tape was fomried using 
powder in silver tube filled with one of the various ceramic HTS materials but 
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more recently developments in tape technology have led to the ability to fonn 
YBCO films on both metal and insulating substrates with an intervening buffer 
layer. 

In prefenied embodiments of the present invention, the common flexible 
S substrate may comprise Hastelloy tape, preferably of 50 to 200 nm thickness. 
In addition to providing a common flexible substrate In accordance with the 
present invention, IHastelloy tape is also advantageous in that a pici<-up loop of . 
significantly larger area may be formed at significantly less cost when 
compared to non-flexible crystalline substrates such as MgO> SrTiOa. LaAl203 
10 or the like. In alternate embodiments of the present invention, th& common 
flexible substrate may comprise a partially or fUlly stabilised zirconia substra^, 
for example in very thin flexible sheet form, such as is provided under the name 
Ceraflex by I\/IarkeTech International of 4750 Magnolia St, Port Townsend, WA. 
98368, USA. Ceraflex has been found to possess improved noise properties 
15 over Hastelloy tape, enabling an SNR of a superconducting device formed over 
the Ceraflex substrate to be Improved by perhaps 30% relative to Hastelloy 
tape. 

In embodiments of the present invention in which the common flexible 
substrate Is a polycrystalline substrate such as Hastelloy or Cerafl^, a biaxially 

20 aligned buffer layer such as yttria-stabilised zirconia (YSZ) Is preferably formed 
over the common flexible substrate in order to Improve biaxial alignment of a 
superconducting material from which the at least one superconducting pick up 
loop is formed. The buffer layer may be deposited by ion beam assisted., 
deposition (IBAD). or by double ion beam assisted deposition (DIBAD). as set 

2S out In the present applicant's co-pending International Patent Application No,' 
PCT/AU02/00696, the contents of which are incorporated herein by reference. 

In embodiments of the present invention, a magnetic field passing 
through the at least one pick up loop which induces a cun^nt in the at least one 
pick up loop may be detected by use of a SQUID. The SQUID may be formed 

30 on the common flexible substrate. Alternatively the SQUID may be 
magnetically coupled, to the at least one pick up loop by way of a flux 
transfonner formed on the common flexible substrate, and by positioning the 
SQiJID to allow coupling between the flux transformer and the SQUID. For 
example the SQUID may be mounted against the flux transformer in a "fllp- 

35 chip" arrangement. 

.V 
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The present inventors have recognised that It is possible to use flexible 
substrates, such as Hasteiioy tapes or Ceraflex, to support a biaxialiy aligned 
buffer layer and thus to support a flexible superconducting circuit, formed over 
the buffer layer. For instance, such substrates may be used to support flexible 

5 superconducting circuits such as large area pick-up loops for magnetometers. 
Thus, the present invention extends the applications of superconducting tape 
utilising such flexible substrates to include use as a flexible superconducting 
medium for the fabrication of flexible superconducting circuits incliKjing 
gradlometer plcl<-up loops and flexible ground-planes for superconducting strip- 

10 lines. Further such applications include the formation of flexible 
superoonducHng wave-guides. In many such applications envisaged by the 
present invention, even relatively short lengths of tape, of the order of a few 
hundred millimeters, would be sufficient. 

AcconJingly. in a third aspect, the present invention provides a flexible 

15 superconducting device comprising a flexible polycrystallline substrate, a 
biaxialiy aligned buffer layer, and at least one superconducting component 
formed over the biaxialiy aligned buffer layer. 

Similarly, according to a fourth aspect the present invention provides a 
method of fomning a flexible superconducting device, the method comprising: 

20 providing a flexible polycrystailine substrate; 

fomning a biaxialiy aligned huffier layer over the flexible polycrystailine 
substrate; and 

fonning at least one superconducting component over the biaxialiy 
aligned buffer layer. 

25 In accoidance with embodiments of the third and fo urth aspects of the 

present invention, the flexible suoerconductinQ devic e mav comprise one or 
more of the foliowina non-iimltinQ list of suoerconductina devices: a Dick uo 
loop: a around plane: a strio-line connector a wav eguide: a fluy; tf^nsfonmer a 
Joseplison JuncHon: gnd. a SQUID. 

30 

A smallest radius of curvature of the common flexible substrate should 
be controlled. This is due to the possibility of an overiy tight curvature of the 
device causing damage to the polycrystailine flexible substrate, the biaxialiy 
aligned buffer layer, the crystalline superconducting layer or any other layer 
35 such as an overlying silver passivating layer. Depending on the materials from 
which the common flexible substrate, the buffer layer, the superconducting pick 
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up loops, and any other layers such as a passivation layer are formed, the 
minimum permissible radius of curvature of the device may vary. 

The tape may also be twisted In order to provide circuit elements In a 
third plane, for example, to provide elements In three orthogonal planes. Once 
5 again, a minimum radius of cun^ature or twist Is preferably controlled In order to 
avoid damage to the device. 

According to a fifth aspect, the present Invention provides a 
superconducting gradiometer comprising: 

a first pick-up loop defining and substantially residing in a first nominal 
10 plane; and 

a second pickrup loop defining and substantially residing in a second ' 
nominal plane; 

wherein the first pick-up loop and the second pick-up loop are fomried.on • 
a common flexible substrate, wherein the first nominal plane and the second 
15 nominal plane are substantially parallel, and wherein the first nominal plane 
and the second nominal plane are sufficiently spaced apart to allow the first 
pick-up loop and the second pick-up loop to act to distinguish local magnetic 

fields from background magnetic fields. 

By providing first and second pick-up loops which are fonrted on a 

20 common flexible substrate, the fifth aspect of the present invention allows a 
gradiometer to be constructed without the need for separately formed 
connections between the first pick-up loop and the second pick-up loop. 

The use of a flexible substrate in accordance with the fifth aspect of the 
present Invention allows formation of the superconducting gradiometer in a 

25 single plane, such as by planar deposition techniques. After the pick-up loops 
have been formed on the flexible substrate, defomiation or bending of the 
flexible substrate allows the first and second pick-up ksops to be respectively 
positioned in the first and second nominal planes. 

Positioning the first and second pick-up loops in accordance with the fifth 

30 aspect of the invention enables constnjction of a superconducting axial 
gradiometer. In some embodiments of the fifth aspect of the present invention, 
such an axial gradiometer may be implemented thnjugh the use of a 
superconducting flux transfonmer pick-up loop stwcture patterned on the 
common flexible substrate, the flux transfomier pick-up loop being Inductively 

35 coupled to a SQUID magnetometer. 
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In such embodiments, the a)dal gradiometer includes a flux transfomier 
that Is fomied by patterning an appropriate circuit using conventional resist 
techniques over the superconducting layer of the tape, which for instance may 
be a YBCO layer fbnmed over a blaxially aligned buffer layer of the flexible 
B substrate. In such embodiments, the flux transformer comprises two outer 
pick-up loops which are connected in series with a centrally located secondary 
loop via a pair of flexible strip-line conductors. A SQUID magnetometer is then 
"fllp-chlpped" over the secondary loop and separated from the secondary loop 
by means of insulating spacers. In such embodiments, two additional lengths 

10 of flexible superconducting tape are preferably iised to cover the strip-line 
connectors taetween each outer pick up loop and the secondary loop. With 
respect to the strip-line connectors, the additional lengths of flexible 
superconducting tape form a ground-plane. These additional lengths of flexible 
superconducting tape are preferably configured so as to serve three purposes. 

15 Firstly, such additional lengths of superconducting tape may serve to reduce 
unwanted shielding currents which might othenivise be Induced In. the loop 
structure from the strip-line connectors, and secondly may serve to reduce thei 
inductance of the strip-tine connectors. The effect of the strip-line inductance 
on the performance of the gradiometer is considered in more deteil below. 

20 Finally, the additional superconducting tape ground-planes may, if necessary, 
be used to facilitate balancing or matching of the equivalent areas of the 
primary pick-up loops, for instance by sliding the additional superconducting 
covering ground tapes so as to expose an appropriate area of strip-line to the 
external field in a manner which balances the equivalent areas of the two outer 

25 pick up loops. 

In preferred erhbodiments of the present Invention, the fleidble substrate 
comprises a flexible tape made of a roiled metal alloy such as Hastelloy. 
Advantageously, a Ceraflex tape may altematively 

be used. In the past, Ceraflex tapes have not been used for HTS applications, 
30 however it has been realised by the present inventors that Ceraflex tape 

provides Improved noise performance over traditional tapes such as Hastelloy 

tape, Improving the SNR of a superconducting device formed on the tape by 

perhaps 30% relative to Hastelloy tape. 

A buffer layer may be positioned between the substrate and the pick-up 
35 loops, for example to promote biaxial crystal alignment In superconducting 

material from which the pick-up loops are formed, and/of to isolate the 
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superoonductlng material from the substrate. The buffer layer may comprise a 
blaxlally aligned yttria-stabllised zirconia (YSZ) layer. The superconducting 
material may be YBaaCusOr (abbreviated as YBCO) or Bli.6Pbtf.4Sr2Ca2Cu3Pio 
(abbreviated as BSCCO). A protective layer such as an Ag layer can be 
5 provided over the superconducting material from vwhich the pick-up loops are 
formed. 

In preferred embodiments of the fifth aspect of the Invention, a flux 
transformer is provided between the first and second pick-up loops in oreler to 
couple detected flux Into a SQUID proximal to the flux transfomier. For 
10 example, a SQUID may be fonned by conventional means on a separate 
substrate and "sandwich-mounted" against the flux transformer, In a "flip-chip" 
arrangement as described previously. 

Alternatively, a SQUID may be fonned on the flexible substrate itself, by 
formation of a ,iosephson Junction, for example over a step edge etched Into 
15 the substrate. 

According to a sixth aspect, the present Invention provWes a method of 
fabrication of a superconducting gradionieter comprising the steps of: . 

forming a first pick-up loop and a second pick-up loop on- a flexible' ' 
substrate positioned substantially in a single nominal plane; and 
20 subsequently deforming the flexible substrate to position the first pick up 

loop substantially in a first nominal plane and to position the second pick-up 
loop substantially in a second nominal plane, wherein the first nominal plane 
and the second nominal plane are substantially parallel and are spaced 
sufficiently apart to allow the first pick-up loop and the second pick-up loop to 
25 act to distinguish locial magnetic fields from background magnetic fields. 

The method of the sixth aspect of the irivention may comprise the 
additional steps of: 

forming a flux transformer on said flexible substrate; and 
sandwich mounting a SQUID against the flux transformer. 
30 It will be appreciated that the step of forming a flux transfomier may be 

most converilently carried out simultaneously with the step of forming said first 
and second pick-up loops. 

Alternatively, the method of the sixth aspect of the invention rnay 
comprise the additional steps of: 
35 forming a step edge on the flexible substrate; and 
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forming a SQUID on the flexible substratei having a Josephson Junction 
formed over said step edge. 

The method of the sixth aspect of the Invention may comprise the; 
additional steps of: 

5 forming a buffer layer over the flexible substrate prior to formation of said 

pick-up loops; and/or 

forming a protective coating over the first and second picl<-up loops. 
The buffer layer may be blaxially aligned YSZ, and may serve to promote 
biaxial growth of superconducting material fi^om which the pick-up loops are 
10 formed, and may sen^e to isolate the pick-up loops from the substrate. The 
protective coating may be a silver coating. 

To date. HTS flexible tapes have mainly been considered for power 
transmission purposes. Thus, it is envisaged that a relatively thin 
superconducting layer of perhaps 50-500 nm may be used in the present 
15 invention, as opposed to thicker power-canrying superconducting layers. 

Brief Description of the Drawings 

By way of example only, prefen^d embodiments of the invention will be 
described with reference to the accompanying drawings, in which: 
20 Rgure 1 Illustrates a HTS gradlometer In accordance with a first 

embodiment of the present invention; 

Figure 2 illustrates a magnetic field detection element in accordance with , 
a second emlx)diment of the present invention; 

Figure 3 illustrates a magnetic field detection element In accordance with 
25 a third emlK>drment of the present invention; 

Figures 4(a) to 4(c) illustrates a HTS gradlometer In accordance with a 
fourth embodiment of the present invention; 

Figure 5 illustrates the variation of the magnetometer cun^nt and 
gradient sensitivity with a stripllne inductance of 20 nH; 
30 FIgufe 6 illustrates the variation of the magnetometer cun^nt and 

gradlentsensltivity with a stripllne inductance of 5 nH and 

Figure 7 Illustrates the variation of the magnetometer cun-ent and 
gradient sensitivity with a stripllne inductance of 0.5 nH. 

35 Description of the Invention 
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Figure 1 illustrates a high temperature superconducting (IHTS) axial 
gradiometer 10 in accordance with an embodiment of both the first and fifth 
aspects of the present Invention. The axial gradiometer comprises a flexible 
Hastelloy tape 11, providing a substrate for superconducting elements of the •. 
s gradiometer. A buffer layer of YSZ has been grown over a surliace of the 
Hastelloy tape to enhance biaxial alignment of YBCO formed over.the YSZ. A 
first pick-up loop 12 formed of YBCO is provided proximal to one end of tlie 
tape 11, and a second pick-up loop 13 also ibnned of YBCO Is provided 
proximal to an opposite end of the tape 1 1 . The pick-up loops are connected to 
10 each other via strip-line connectors 14 and flux transformer 15 In a manner 
which substantially cancels out common-mode magnetic fields such as the 
earth's magnetic field, such that only a magnetic field which has a gradient 
between the first and second pick-up loops will cause cun-ent to flow in the 
superconducting YBCO elements 11,12, 13,14, 15. 
15 As can be seen, all superconducting elements of the gradiometer 10 can 

be fabricated on a single surface of the tape 11, and can be fomied while 
positioned In a single plane using planar deposition technologies, see Fig 1b. 
Further, due to the flexibility of the Hastelloy tape, once fabricated the first and 
second pick-up loops 12, 13 can be axially aligned and positioned in 
20 substantially parallel planes a distance d apart. 

A SQUID, not shown, may then be "sandwich mounted" to the'Hasteltoy-. 
tape 11 so as to be in close proximity to the flux transformer 15 and to 
maximise magnetic coupling between the SQUID and the flux transfonner 15. 
Thus, when current is induced in the flux transfonner 15 by a magnetic field 
25 having a gradient between the first and second pick up loops 12, 13, the 
cun-ent circulating in the flux transformer 15 will induce another magnetic field, 
which will be coupled to the SQUID for detection, 

By using only a single SQUID, the present Inventiori enables a HTS.. 
gradiometer to be constructed which does not sufl'er from tine deficiencies 
30 associated with measurements, relying on the measurements obtained by two 
different SQUIDs having differing inherent characteristics. Further, by using a 
fiexitHe Hastelloy tape or the like, the present invention enables a single SQUID 
HTS gradiometer to be constnacted, as flexible HTS circuits may be fonned on 
such a substrate. 

35 Figure 2 illustrates a magnetic field detection element 20. In accordance 

with an embodiment of the first aspect of the present invention. The magnetic* 
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field detection element 20 comprises a first pick up loop 21. a flux transfomner 
22. and a second pick up loop 23 not visible but of equal dimensions as pick up 
loop 21. The pick-up loops 21 and 23 and the flux transfomier 22 are fomned 
on a flexible substrate comprising a Ceraflex tape 25. A buffer layer of YSZ 
(not shown) is formed over the tape 25, and the pick-up loops 21. 23 and the 
flux transformer 22 are fonned of YBCO deposited over the buffer layer. 
Tracks 24 connect pick-up loops 21 , 23 witti flux transfomier 22. 

In accordance with the present invention, the flexible substrate 25 Is 
anranged such that the ptek-up loop 21 is positioned in a first plane which is 
substantialty perpendicular to a second plane in which the second ptek-up loop 
23 is positioned. As indicated at 26, 27, the nomials to the planes In which the 
pick-up toops 21 , 23 are positioned meet at substantially 90 degrees. 

Accordingly, when a magnetic dipole is positioned with random 
orieritation where the normals 26, 27 meet, the magnetic detection element 20 
is more likely to detect the magnetic dipole than prior art arrangements in which 
a pick-up loop is provided in one plane only. For example, if the magnetic 
dipole is aligned along axis 27, tiie field of the dipole will couple strongly 
through pick-up loop 23, but will not couple strongly into pick-up loop 21. If the 
magnetic dipole is aligned along axis 26, . the field of the dipole will couple 
stn^ngly Into pick-up loop 21 , but will not couple strongly into pick*-up loop 23. If 
the dipole is aligned at 45 degrees to each axis 26. 27, flie field of the dipole 
wilt couple with equal strength into each pick-up loop. 

When a field couples Into one or both of pick-up loops 21 , 23, current will 
be Induced. This current will be passed to flux transformer 22, which Is 
preferably designed so as to maximise magnetic coupling to a SQUID (not 
shown) which is to be sandwich mounted onto the tape 25. Detection of the 
magnetic field of the dipole can then be canied out with high sensitivity by the 
SQUID. 

Figure 3 Illustrates a magnetic field detection element 30 in accordance 
with anotiier embodiment of the first aspect of the present Invention. The. 
element 30 comprises a first pick-up loop 31, a flux transformer 32 and a 
second pick-up loop 33. Pick-up loop 31 subtends an angle e of greater than 
90 degrees. Consequentiy, a magnetic dipole aligned along an axis anywhere 
within angle 9, will couple relatively strongly tiirough pick-up loop 31 . Similarly, 
a magnetic dipole with an axis which is aligned anywhere within the angle (not 
shown) subtended by pick-up loop 33 will couple relatively strongly through 
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pick-up loop 33. A stronger coupling wiil induce greater current in tlie plci<-up 
loops 31, 33, and thus provide a stronger signal for detection by a SQUID 
sandwich mounted over flux transformer 32. 

According to a further embodiment there is shown In Figures 4(a) to 4(c) 

5 an HTS gradlometer 40. Figure 4(a) shows a first pIck-up loop 42, a second 
pick-up loop 44 and a flux transformer 46. Each of the pick-up loops 42, 44 are 
directly linked to a secondary loop of the flux transformer 46 via respective strip 
conductors/connectors 48 and 50. Each of the pick-up loops 42. 44 and the 
secondary loop of the flux transfonmer 46 may each be formed of YBCO 

10 material. They are each fot)ricated on a flexible Hastelloy tape 62, shown in 
Figures 4(b) and 4(c) as shading. Figure 4(b shows the gradiometer 40 
assembled prior to bending the strip conductor sections 48 and 50, Figure 4(c) 
shows a plan and side view of the complete axial gradiometer A 
superconducting ground plane 56 covers each of the strip conductors 48 and 

15 50, In the side view of the gradiometer in Figure 4(c), the ground planes 56 
and strip conductors 48, 50 are shown curved with a radius r. 

The first pick-up loop 42 has intemal dimensions dpi, dp^ and extemai 
dimensions Dpi, Dp2. The second pick-up loop 44 has similar dimensions to 
that of the first pick-up loop 42 and the secondary loop of the flux transformer 

20 46 has an intemal length ds and extemai length Ds. A SQUID may be 
sandwich mounted to the Hastelloy tape 52 of which a pick-up loop 54 Is shown 
which Is in close proximity to the secondary loop of the flux transformer 46 to 
establish a magnetic coupling therebetween. The magnetometer pick-up loop 
64 has inductance Lm and area Am, the secondary loop of the flux transfonmer 

25 has inductance Ls and effective area A$. Each of the pick-up loops 42 and 44 
respectively have inductance Li, L2 and equivalent areas Ai and A2 
respectively. 

Shown in Figure 4 (c) Is the gradiometer having each of the pick-up 
loops 42 and 44 in parallel planes separated by distance d with the stripllne 

30 connectors 48, 50 bent with a radial cun/ature r. Magnetic field Bz is shown 
nonmal to the SQUID and flux transformer 46 whilst the magnetic field 
impinging on the first pick-up loop 42 is Bxi-Bx+(d/2)gxx and the field impinging 
on the second pick-up loop 44 is Bx2-B;^-(d/2)gxx. Thus when current is 
induced In the secondary loop of the flux transformer 46 by magnetic field 

35 having a gradient between the first and second pick-up loops 42. 44, the 
cun-ent circulating in the secondary loop induces a Hirther magnetic field which . 
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couples with the pick-up loop 54 of the SQUID thereby inducing a further 
cunrent which is detected by the SQUID. 

With regard to the design of the axial gradlometer, the strip-line sections are 
folded to fomi a "U" shape with the primary pick-up loops aligned on a common. 
S axis that is then perpendicular to the axis of the SQUID. Since the SQUID is 
oriented perpendiculariy to the gradient pick-up loops, and assuming the 

orientation, this device is sensitive to both the first-order axial gradient, 

dBx/dx^ and to the transverse component of the magnetic field- -^^'For 

applications In which the sensitivity to -^^must be reduced, this can be 
10 achieved by appropriate design of the secondary loop and SQUID to ensure 
shielding of the magnetometer by currents Induced In the secondary pick-up 
loop. The pick-up loop structure so formed is a series type. This decreases the 
magnitude of the shielding current which results from the components of any 
external homogeneous magnetic fields in the plane normal to the SQUID axis. 

15 Currents In the pick-up loops are induced only by a field gradient in the ^ ~ 
direction, mismatches between the magnetic equivalent areas of the primary 
loops, direct exposure of the strip-lines to fine extemal field or by incorrect 
mutual inductance between the secondary loop and the SQUID. 

The axial gradlometer may also be mounted such that it is possible to rotate 
20 the gradiometer device either the SQUID and pick up loop together or the pick 
up loop with the SQUID stationary to achieve further improvements to the 
device usefulness. These improvements are: 
. - true value of the gradient field and magnetic field, 

- greatly enhanced common mode rejection of homogeneous fields ' 
25 - real time information of the condition of the SQUID operation . 

- if three axial gradiometers are mounted near or^hogqnally or 
orthogonally, jointly they provide all five unique components of the first 
order gradient tensor and the three components of the total field 

. these Improvements can be achieved without the need to attain peri'ect 
30 balance usually achieved by the physical alignment of the pick up loops 

of the flexible tape. 
Rotation of axial gradiometers of both HTS axial gradiometers described 
here and LTS axial gradiometers provides the above enhancements. 
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Theory of Operation. 

Assume a lumped inductance model with all mutual inductances 

regarded as negligible other than the mutual inductence, ^'between the 
secondary loop of the flux transformer and the magnetometer. In what iblto\A^ it 
5 is assumed that the . magnetonreter employed is a SQUID based directly- 
coupled magnetometer, in this type of magnetometer a superconducting pick- 
up loop is used to sense the external magnetic field. The Inductance and 

equivalent area of the magnetometer plcl<-up.loop will be denoted -^wand 
respectively. Cumentd induced in this loop are injected Into a SQUiD amplifier 

10 that has a geometry optimized for minimum flux noise. A magn^ometer of this 
type is assumed Ibr two reasons. Firstly these devices cun«ntly provide tiie 
best sensitivity possible from HTSC SQUiD based magnetoineters, and are 
thenslbre lii<ely candidates for a practical device. Secondarily, as will be seen 
below, the alternative choice of a DC or RF SQUID with a flux-focussing 

15 washer, can i^e regarded as a special case of the present theory. 

Since the magnetometer is coupled to the transformer secondary by a 
short-circuit superconducting loop, the flux In this loop is conserved with 
respect to dianges In the external field. The total flux In the magnetometer 
piclc-up loop is the sum of the fluxes due to the external field, Its own shielding 

20 current and the flux coupled via the mutual inductance ^from the current in 
the secondary loop of the transformer Assuming, without loss of generality, 
that the device is zero field cooled (Z.F.C), this sum vanishes, I.e. 

BzAm - Imlm - 0 

The flux transformer Is also a shorted superconducting loop, so once 
25 again assuming it is Z.F.C 

where -^is the total inductance of the transformer. I.e.: 
i =» Zi i- X2 + 2Lc + Ls. 

I'ki ^*denote the inductance and equivalent area of the primary loop ^9 
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~ 1,2) Lc\n the inductance of each of the istrip-llnes and '-^s^%ie 
inductance of the secondary loop. 

Solving equations and simultaneously gives for the magnetometer current 

5 Where A\ ^ A2 --4,and. 

Br2 - ^xl (ifx + f gxx ) - {B^ - f gx. ) 
« <^gxx 

This can be re-written in terms of the coupling constant ^by use of the 
standard relation 

M = ajLfnLs 

1 

10 to yield 



where -^1 - X2 - Xp. 

Condition for shielding to suppress sensitivitv to : 

If the extemal field Is homogeneous Sxx = ^and equation becomes 



B, 



15 



which vanishes If 



As 2Lp + 2lc + Xs I 



Optimization and gradient serisitlvitv. 
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If is fulfilled, equations and for the magnetometer current, become simply 
Im - -^S- i J- 



Lm 



A 

To study the behaviour of equation (1). note that In general both '''the 

equivalent area of the primary loops of the transformer, and ■^/'depend upon 
5 the dimensions of the primary loop . As far as the applicant is aware exact 
fonns for these relations do not exist for either square or rectangular 
superconducting structures and it Is usual to resort to empirical fonnulae which 
are motivated etther by experiment or numerical simulation. The following 

empirical relations will be used in which = Q^l ^2 y^and 

where ~ ^is approximately constant, 

Lp - Aio4>(«'^^^^^^' + 1.2) 
provided that -4X24 ^ 0. 1 =^ Dp > \.2dp^ 

15 

' Equation (2) above is the widely accepted form for the equivalent area of 
a square washer[Ketch(Bn1l in which the average values of the inner and outer 
dimensions of the rectangular loop are used. 

20 . Use of these relations in equation (1 ) above gives 
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5 



-1 



2Zc + X,(l-aO 

+ 2a«o4 (e-^^^^^' + 1.2) 



Shown In Figures 5, 6, 7 are plots plotted as a function of ^and three 
different values of -^C' namely ^O^h, ^wW and ^-^nH respectively. Other 
parameters are set as ft)llo\A«: A? 0.01,7^ « 0.9,2;;, «= S^h, 



It will be appreciated by persons skilled In the art that numerous 
variations and/or modifications may be made to the Invention as shown In the 

10 specific embodiments without departing from the spirit or scope of the Invention 
as broadly described. For example, a device similar to that shown In Figure 3 
may comprise a single pick-up loop only, subtending an arc in order to Increase 
a range of magnetic dipoie orientations which can be detected by the pick-up 
loop. Further, such devices may comprise a SQUID fabricated on the tape 

IS itself in place of the flux transformer, such that the current of the pick-up loops 
flows directly Into the SQUID for detection. Furthermore, the present Inventfon 
may be applied in conjunction with the Inventfcjn set out In the coHpendIng PCT 
application claiming priority from Australian Provisional Patent Application No. 
2002960624 and fil^ simultaneously with the present application, the contents 

20 of which are included herein by reference. The present embodiments are, 
therefore, to be considered in all respects as illustrative and not restrictive. 



